The chemical etching mechanism of ZnO (0001) and (0001) polar surfaces was experimentally investigated by a scanning electron microscope, and applied to the control of surface morphology . The (0001) and (0001) surfaces of ZnO single crystal were periodically patterned using Pt masks , and were etched in HCl solution f or 1-6d. The etched patterns could not exactly reflect the shape of the masks due to side etching on the (0001) surface. With respect to the (0001) surface, many hillocks periodically formed with keeping the origi nal square shape. The difference in the etching behavior was caused by the difference in the uppermost sur face structure.
Introduction
ZnO is a wurtzite-type crystal, and takes the structure in which Zn layers and O layers are alternately stacked along the c axial direction. Therefore, the single crystal has two polar surfaces: one is the Zn-terminated (0001) surface, and the other is the O-terminated (0001) surface. Because the two surfaces are opposite each other in the single crystal, the periodic structures of these surfaces are exactly the same, although the uppermost structures are different . These two surfaces were terminated by the same ion; that is, Zn or O, respectively; therefore, these surfaces have great potential for exhibiting distinct chemical properties. As ZnO is a semiconductor with a wide band gap of 3 .2eV, it has high potential for use in optical and electrical devices. For instance, the thin films are appropriate for use as trans parent electrodes1) in electronic devices because of their transparency in the visible light region. ZnO optoelectronic devices, for example, light-emitting diodes (LEDs)2)-4) and laser oscillators,5) have been studied. In the fabrication of such devices, surface properties such as chemical etching will be very important for processing the shape, making the pattern and cutting off these devices.
The etching properties of ZnO were reported by Mariano and Hanneman.6) A large difference appeared between the (0001) and (0001) surfaces after etching for 90s in the 20% HNO3 solution, that is, dislocation etch pits appeared unevenly on the (0001) surface, while the (0001) surface had hillocks that were distributed more uniformly over the surface. This is due to the difference in etching speed, i.e., dislocation etch pits probably occur at both surfaces due to etchant attack on the dislocations, but they are apparent only on the (0001) surface where their effect is not masked by the rapid etching action that prevails all over the (0001) surface.6)-8) However, the relationship between etching properties and the control of surface morphology was not On the (0001) surface, side etching along the direction parallel to the surface occurred, and the crystal under mask etched, as shown in Fig. 4(a) . Meanwhile, on the (0001) surface (Fig. 4(b) ), the etching direction was vertical to the crystal surface; therefore, the crystal under the masks was not etched, and the shape of the hillocks exactly reflected the shape of the masks. The difference in the etching behav ior is caused by the difference in the uppermost surface structure, i.e., the (0001) and (0001) polar surfaces of ZnO single crystal are terminated by the same ions such as Zn and O, respectively. Assuming that the etching of the ZnO surface is due to the bond between an oxygen ion of ZnO and a hydrogen ion, as illustrated in Fig. 4(c) , the (0001) sur face is etched at the step or kink site because of the exis tence of oxygen ions at only the step or kink, and therefore the step flow etching occurs. Meanwhile, the (0001) surface (Fig. 4(d) ) is etched not at steps and kinks but at the ter races in which only the oxygen ions exist, and the etching direction is vertical to the crystal surface. The reaction in volved in ZnO etching is as follows. ZnO+2HCl•¨Zn2++2Cl-+H2O Figure  5 shows the SEM images of ZnO (0001) Fig. 6 (e)), the flat plane disappeared, and the pyramid patterns were obtained. In an early study on the etching of ZnO single crystal sur face, it was reported that the (0001) surfaces became rough (the roughness was about 102nm) after etching.6)-9) It seems that the roughness of the surface was due to the rapid etching of the terrace with a strongly acidic solution, while the etching using a weakly acidic solution can be used for the control of surface morphology.
Conclusion
The (0001) and (0001) polar surfaces of ZnO single cry stals were patterned by Pt masks, and were etched in HCl solution for 1-6d. SEM measurements revealed that the etched patterns could not exactly reflect the shape of the masks due to side etching on the (0001) surface, while the (0001) surface could be etched exactly while keeping the shape of the masks, and the square hillocks could be periodi cally arranged because of the etching along the vertical direction to the crystal surface. The difference in the etch ing behavior is caused by the difference in the uppermost surface structure. The (0001) surface is etched at the step or kink site because of the existence of oxygen ions at only the step or kink, and therefore the step flow etching occurs. Meanwhile, the (0001) surface is etched not at steps and kinks but at the terraces in which only the oxygen ions exist, and the etching direction is vertical to the crystal surface.
During long-time etching, the shapes were influenced by the etching along not only the direction vertical but also the direction parallel to the surface, and the pyramidal patterns were obtained. The etching using an acidic solution can be used for the control of surface morphology.
